Abstract-This paper presents the application of a hierarchical control scheme for islanded ac microgrids with a primary droop control and a centralized extended optimal power flow control. The centralized control is responsible for computing and sending, in an online manner, the control references to the primary controls in order to achieve three operational goals, i.e., improvement of the global efficiency, voltage regulation through reactive power management, and compliance of the restrictions regarding the generation unit capacities. Two case studies are defined and online tested in a laboratory-scaled microgrid implemented in the Microgrid Laboratory, Aalborg University. The primary controllers are included in a real-time simulation platform (dSPACE 1006), while the extended optimal power flow is conducted in a central controller by using a smart meter and LabVIEW for data acquisition and MATLAB for its implementation, taking into account load and capacity profiles. The obtained results show the reliability of the proposed scheme in a real system and its advantages over the conventional droop control.
I. INTRODUCTION
N OWADAYS, the microgrid concept has an important role in enabling the integration of different distributed generation (DG) technologies, including renewable energy sources. The increasing integration of DG has meant a modernization of the current electric power system by providing more reliability and sustainability [1] - [3] . However, due to the distributed operation of the generation units, new technical challenges have emerged mainly related to the voltage quality along the feeders G. Agundis-Tinajero, J. Segundo-Ramírez, and N. Visairo-Cruz are with the Universidad Autónoma de San Luis Potosí, San Luis Potosí 78000, México (e-mail:, gibran.zigma@gmail.com; j2ramirez@gmail.com; nvisairoc@uaslp. mx).
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Digital Object Identifier 10.1109/TPEL. 2018.2813980 and the proper power sharing considering the capacity and characteristics of the DG units [4] , [5] .
As a matter of the fact, islanded microgrids represent an additional challenge, since the DGs should perform a multifunctional operation. Apart from supplying power and ensuring the local demand, they should participate actively in the regulation of the islanded power system [6] . Several authors have addressed these challenges by developing different variants of primary controllers for achieving the power-sharing function between DGs [7] . Particularly, the droop-based methods have been widely used in the literature due to their characteristics and advantages, such as high flexibility, reliability, and capability of managing active and reactive power sharing by relying only on local measurements without the use of additional communication among DG units [8] , [9] .
Commonly, the DGs are interconnected through long radial feeders, since they are usually far from the load location. However, due to the line impedance between DGs, serious problems appear related to power losses, reactive power flow (PF), and voltage quality along the feeders [5] , [10] , [11] . These kinds of problems cannot be solved directly by the primary controllers, which require the support of complex control schemes for enhancing the operational characteristics required in the microgrids by providing PF control and voltage regulation along the feeders [7] , [9] . Hence, to cope with this problem, hierarchical multilevel controls have been proposed in the literature [7] , [12] - [16] .
In this regard, Zhang et al. [12] present a hierarchical control scheme for droop-based ac microgrids, mainly focused on decentralized control for frequency regulation and active power management but not for reactive power requirements. A hierarchical control for ac and dc microgrids is shown in [13] . In this contribution, a coordination strategy to ensure the active power exchange is addressed. Additionally, the frequency and the bus voltage are maintained at rated values. Nevertheless, only the active power management is addressed, and the line impedance between the DG units is neglected. A hierarchical control including PF optimization is presented in [14] ; the authors minimize losses and ensure a system frequency close to the nominal, leading to a frequency-stable operation of the islanded microgrid; the optimization is made offline, and simulation case studies are presented. In [15] , an optimal PF based on glow-worm swarm optimization for islanded microgrids is presented, the PF method includes unbalanced systems, and the optimization includes loss reduction and frequency constraints; the optimization objectives are achieved, but the authors conclude that a reduction of the computational time is needed for this approach. Recently, in [16] , a multilayer scheme for active power management and voltage control with an optimization stage for cost minimization is presented; the control is validated through simulation results.
Note that, in the previous literature, different mathematical methods and hierarchical schemes for the PF-based optimized operation of islanded microgrids have been addressed; however, offline schemes without experimental validation are presented. In this way, laboratory implementations are needed to validate that in practical environments, the proposed approaches have a close performance as in simulation stages even with system characteristics that were not modeled in the design stage.
Regarding the aforementioned, this paper presents a laboratory-scale evaluation of an optimal PF as a hierarchical control for the online operation of islanded microgrids; additionally, in order to emulate practical situations encountered in islanded microgrids and to test the online optimization included in the hierarchical control, the case studies include random load profiles, random capacity profiles, efficiency curves for the conversion units, and the use of practical measurement instruments (smart meters-SMs) for the control action, showing the challenges, advantages, and drawbacks of the proposed control scheme. Furthermore, in order to give a self-content work, which can be reproduced, this paper presents a detailed description of the controls, parameters, the equipment, and software used for the implementation. On the other hand, it is important to mention that in this contribution, the optimization is made online and is activated when changes in the loads or the generation capacities occur, allowing an optimal operational performance for unpredicted loads or generation capacity changes in the islanded microgrid. This paper proposes a hierarchical control scheme, which includes a primary conventional droop control and a centralized extended optimal power flow (EOPF) control, which is responsible of the active-and reactive-power-sharing management. The online optimization is based, but not limited, on three operational objectives, i.e., efficiency improvement, voltage regulation, and generation capacity constraints for the DG units. It is important to notice that, unlike the control schemes that incorporate the PF for power sharing [9] , in the proposed hierarchical scheme, the control dynamics of each DG unit are taken into account by including the droop characteristics in the conventional PF formulation. In this way, the optimization of the droop characteristic coefficients and voltage references of the primary DG unit controls can be performed in order to achieve the operational objectives.
Note that the proposed hierarchical control scheme can perform active and reactive power sharing and voltage regulation of several buses taking into account frequency variations, transmission line impedance, and capacities of the DG units. Additionally, since the control scheme is based on the EOPF, it is not limited to a specific islanded microgrid topology; therefore, it can be easily modified in the EOPF control stage.
The rest of this paper is organized as follows. Section II presents a detailed explanation of the proposed hierarchical control scheme, including the primary control, the extended PF formulation, and the optimization model. In Section III, the microgrid that is used as the test system and its laboratory implementation are shown. In Section IV, two case studies are addressed to show the reliability and advantages of the proposed control. Finally, in Section V, the conclusions of this work are discussed.
II. PROPOSED EOPF HIERARCHICAL CONTROL
Under islanded operation, at least one of the DGs has to assume the responsibility of forming and ensuring the power balance in the islanded power system. This role may be assumed simultaneously by several DGs operating as grid-forming units in a multimaster configuration using droop control loops [17] , [18] . The level of contribution of each DG in the power balance of the islanded system is defined following the frequency/active power (P -ω) and voltage/reactive power (Q-V ) droop characteristics, which can be expressed as [19] 
where ω * is the nominal angular frequency of the system, V * n is the voltage amplitude reference of each nth DG unit, and K p n and K q n are the (P -ω) and (Q-V ) droop coefficients, respectively [19] . The droop characteristics are defined by the aforementioned parameters, as shown in Fig. 1 . In accordance to the active and reactive power demand, the droop characteristics will determine the resultant angular frequency of the islanded power system (ω) and the voltage (V n ) of each DG unit, which, as mentioned above, determine the proportion of active and reactive power shared by each DG. In this sense, it is possible to define the steady-state operation of each DG by adjusting the parameters of the droop characteristics.
Commonly, the DGs are integrated through feeders, since the energy sources may be located away from the load centers and points of common coupling (PCCs), as shown in Fig. 2 [20] . In this way, the reactive power sharing is affected by the line impedance along feeders [21] , [22] . Additionally, the voltage quality at the PCCs and load centers may be compromised due to the effect of the (Q-V ) droop control loops and the voltage drop across the line impedance. On the other hand, the (P -ω) droop control can achieve an accurate active power sharing [23] ; however, the total power contribution of each DG may be determined by the rated power of each energy resource.
On top of that, heterogeneous energy resources may require conversion stages of different characteristics in order to enable the integration of the primary energy resource to the power ac grid. This fact means different efficiencies in the conversion process, which should also be considered for defining the power contribution of each DG in order to enhance the global efficiency of the islanded microgrid [24] .
Regarding the aforementioned, the proposed EOPF hierarchical control has the purpose of managing the active and reactive power sharing to achieve the specific operational goals of the islanded microgrid, such as the following: 1) maximizing the global efficiency of the microgrid; 2) PCC voltage regulation; and 3) maintaining the active and reactive power supplied by the DG units within its capacities. These goals are reached through the optimal selection of the droop characteristic coefficients K p n and K q n , and voltage references of each DG unit in accordance to (1) and (2), which are included in an extended PF formulation.
The proposed hierarchical control includes a primary conventional droop control and a centralized EOPF control level. The EOPF control level is responsible of computing and sending the droop references K p n , K q n , and V * n for each DG unit primary control, as shown in Fig. 3 . In order to perform this computation, the information of the microgrid topology, loads, and DG units capacities are needed; additionally, a set of constrained nonlinear functions representing the operational goals is required by the optimization method.
It is important to mention that the online operation of the EOPF control is activated when changes in the load or in the DG unit generation capacities occur; in this way, this is an important contribution compared to conventional approaches based on offline optimization schemes. In this work, the changes of generation capacities are performed by random profiles for each DG unit to emulate the changes in the primary energy resources, i.e., wind, solar, among others. Usually, the capacity information is sent from a tertiary control, such as energy management systems [25] ; however, this control layer is beyond the scope of this paper but might be added in future works.
In light of the above, a detailed explanation of each stage of the hierarchical control scheme, i.e., primary control, extended PF, and the optimization formulation, is addressed in the following.
A. Primary Control: Grid-Forming Droop Control
The primary control level is responsible for performing the grid-forming function. This stage is composed of an inner current control loop and an outer voltage control loop, which define the control signals for operating the conversion stage as an ideal ac voltage source with a given amplitude |V | and frequency ω [17] . Fig. 4 shows the scheme of the primary controllers working on the dq reference frame. The voltage and frequency references for the voltage sources are derived from the droop control loops, which, in turn, receive the droop coefficient (K Due to changing operating circumstances (i.e., the profiles of generation from the DGs and consumption from the loads), the parameters of the droop characteristics, which are defined by the centralized EOPF, should be adjusted for achieving the operational goals of the islanded microgrid. The variations in the parameters of the droop characteristics, and more specifically in the droop coefficients (K microgrid. The stability analysis is out of the scope of this paper; however, interested readers may refer to [26] , in which a small-signal stability analysis is performed for an islanded microgrid. Accordingly, Table I summarizes the nominal parameters selected for the case study microgrid as well as the parameters of the inner and the outer control loops at the primary control level. Note that, for all DG units in this work, for both proportionalintegral (PI) controllers in each loop (current and voltage), the parameters are the same.
B. EOPF Formulation
In electric power systems, the PF formulation relies on the well-known power balance equations [27] 
where |V n |, |V m |, δ n , and δ m are the magnitudes and phase angles of the nth and mth bus voltages, respectively. |Y nm | and θ nm are the magnitude and phase angle of the admittance matrix elements, respectively. Depending on the topology of the system, the PF can be formulated using three types of buses: voltage-controlled (P V ), load (P Q), and slack [28] . In this way, the active power injected to the system by the P V buses is fixed and known, while the slack bus provides the missing active and reactive power needed by the system.
In islanded droop-controlled microgrids, this conventional PF approach cannot be used in most of the cases because of the following reasons [1] , [29] .
1) The DG units used in a microgrid have a limited capacity; therefore, a slack bus cannot be assigned for all the operating conditions. 2) The active and reactive power sharing among the DG units depends on the droop characteristics and cannot be prespecified such as in the conventional PF.
3) The frequency in an islanded microgrid is changing constantly within a range, while in the conventional PF, it is considered always fixed. In regard to the aforementioned, an extra bus classification has to be included to take into account the droop-controlled DG units, hereafter called droop buses (DBs) [29] . The DB formulation relies on the droop characteristic equations (1) and (2); note that from these equations, the active and reactive power given by the nth DG unit can be defined as
Therefore, the mismatching equations ΔP n and ΔQ n for the nth DG unit become
Observe that, in (7), the angular frequency is still unknown; therefore, an extra equation related to it has to be included. To overcome this problem, one voltage angle of the DG units is fixed, and its active power equation is used as the angular frequency equation as follows [30] :
where P m is the active power of the fixed angle bus. The set of mismatching equations given in (8) completes the PF formulation of the DBs, which can be used together with the conventional P V and P Q buses [29] . It is important to notice that the control references K p n , K q n , and V * n that affect the steadystate behavior of the islanded microgrid appear explicitly in the DB formulation, giving the opportunity to use them as variables in the optimization stage.
C. Optimization Problem Formulation
In order to compute the droop characteristics and voltage reference of each DG unit, an optimization problem has to be solved. The formulation of the problem is specified as follows:
where x are the variables to optimize, f (x) is the function to minimize, c(x) is a nonlinear function, and lb and ub are the lower and upper bound restrictions for the x values, respectively. The equations proposed for the optimization formulation are based on three operational goals of the islanded microgrid.
1) The losses of each DG unit are minimized based on their efficiency curves, maximizing the global efficiency of the microgrid.
2) The voltages on the PCCs are maintained close to 1 p.u.
through the reactive power management.
3) The power injected by the DG units cannot exceed its maximum capacity (S n < S max n ). The variables to optimize are the droop characteristics and reference values of the primary control K p n , K q n , and V * n . The formulation of each operational goal as a function is explained in detail in the following.
1) DG Unit Efficiency Function:
The efficiency of the DG units is defined based on the relationship between the output power delivered to the microgrid and the input power provided by the primary source [24] 
This efficiency represents the losses due to conversion and switching of electronic devices, among others. Additionally, the total losses depend on the characteristics of the technology used, the operating point, and the switching frequency [24] . In this way, the efficiency of an inverter can be represented graphically for all the load range that is able to handle. These efficiency curves can be obtained with simulation or experimentally and approximated by a second-order function as follows [24] :
where α Hence, in a microgrid composed of n DG units, the global efficiency can be maximized with the reduction of the total losses in the DG units, taking into account that, in the test islanded microgrid, the losses in the feeders can be neglected; otherwise, the conductor losses have to be taken into account.
Note that (11) computes the efficiency using the P in n , but in the PF method, the power computed is P out n ; therefore, substituting P in n = P out n /η, (11) is reformulated, and the following quadratic equation is obtained:
Finally, solving (12) , the value of η n is obtained. Regarding the aforementioned, this operational goal can be formulated in the optimization problem as follows:
where N is the number of DG units. Observe that, if all the DG units are working with an ideal efficiency (η = 1), the function F η will be equal to zero; in this way, the minimization of this function will maximize the efficiency of the microgrid. In the case studies presented in the following, the efficiency parameters used for the DG units were extracted from [24] and are shown in Table II ; additionally, the resulting efficiency curves of each DG unit are shown in Fig. 5 .
2) PCC Voltage Regulation Function:
Since the PF solution gives the system bus voltage magnitudes in p.u., the function used to achieve this operational goal can be formulated as follows:
Note that if the magnitudes of voltages V PCCn are equal to the voltage reference V ref = 1 p.u., the summation of the function will be equal to zero. It is important to note that the voltage in the different PCCs is related to the reactive power, as shown in (2); in this way, the voltage is regulated with reactive power management (selecting K q n and V * n ), without the need of an extra control loop.
3) Power Restriction: The power restriction is included in the optimization problem as an inequality function in c(x) ≤ 0 as
While this inequality is true, the power injected by the nth DG unit will not exceed its capacity. Regarding the aforementioned, the optimization problem is built as a sum of each operational goal function, subject to the capacity restriction as follows:
where α and β are weights; the solution of this problem gives the control references
In order to have a better understanding of the optimization, in Fig. 6 , a flowchart of the EOPF is shown. Note that, since the optimal formulation is performed through the PF, other operational goals can be added easily for different MG topologies that might need specific features, such as loss minimization [31] (for both active and reactive power) and cost minimization [32] , among others. It is important to mention that, in this work, the problem is solved using the fmincon optimization tool of MATLAB, which, for the test system used, has a good performance in terms of computation time, i.e., 1.58 s per optimization with an error tolerance of 1 × 10 −6 ; however, other optimization techniques can be used to solve the minimization problem shown in (16). III. TEST SYSTEM AND LABORATORY IMPLEMENTATION Fig. 7 shows the single-line diagram of the three-phase microgrid used as a test system. It includes three dispatchable DG units with LC filters connected to each PCC through an RL feeder impedance, two fixed R loads wye-connected to PCC 1 and PCC 3 , and a variable P Q load connected to PCC 2 . Additionally, the PCCs are connected through RL lines, and the variable load is measured by an SM.
The primary control is modeled and included in a real-time platform (dSPACE 1006), while the EOPF stage is incorporated in a central computer (CPC), which sends and receives information to the dSPACE via ethernet using a user datagram protocol [33] .
For the measurement of the variable load, a Kamstrup smart meter is used. The SM is connected to a central database, which is responsible for handling and synchronizing the information sent by one or a cluster of SMs [34] . The communication implemented in the laboratory is the TCP/IP connection, which allows an easy incorporation of several SMs working over the same network structure [34] .
The communication between the dSPACE and the CPC is performed through an interface using the professional software LabVIEW [35] . The SM is constantly sending the measures of the variable load to the central database, which, in turn, sends the information to the CPC through the LabVIEW interface; if there is a change of load with respect to the last measurement received, it calls the MATLAB software to perform the optimization process. The CPC sends the computed control parameters to the dSPACE, and it uses this information in the DG unit primary control.
The parameters of the test microgrid are shown in Table III ; they were obtained from the real values of the laboratory implementation, which was made in the Microgrid Research Laboratory, Aalborg University [33] , with an online architecture, as can be seen in Fig. 8 .
IV. CASE STUDIES
To validate the proposed hierarchical scheme, in this section, two case studies of the islanded MG under different practical operational conditions are presented. In the first case study, the load connected to the PCC 2 is changing following a load profile. The load profile has 24 changes made every 30 s, emulating a load variation every hour in a day.
In a practical MG based on variable energy resources (solar, wind, etc.), the power that can be injected by the DG units is not always constant. In this way, power capacity profiles are included for each DG unit in the second case study, emulating the variation in the primary energy resources and taking into account this effect in the performance of the control.
In both cases, the control of the islanded microgrid is performed online using the hierarchical control and the measurements of the SM; however, in the first case study, the experiment is also conducted using only the conventional droop control to show the advantages of the proposed control scheme.
A. Case I: Load Profile
The results obtained in this case for both the conventional droop control and the proposed hierarchical control are shown in Fig. 9(a) and (b) , respectively. Besides, the load profiles for active and reactive power and the capacities for the DG units are shown in Fig. 9(c) .
Note that using the conventional droop control, due to the control references K p n , K q n , and V * n being the same for all the DG units, the active and reactive power shared among the units is very similar [see Fig. 9(a.1) and (a.3)] . Consequently, the efficiency of each DG unit is not taken into account in the operation of the microgrid, as can be seen in Fig. 9(a.2) , where, in the worst case, it drops up to 83%. Additionally, observe that the PCC voltage is always below 1 p.u., which, in the worst case, drops up to 0.98 p.u. when the reactive power load is incremented.
On the other hand, using the EOPF control, observe in Fig. 9 (b.1) that in order to get a better efficiency, each DG unit shares a different amount of active power depending on its efficiency curve. Note in Fig. 9(b.2) that, in the worst case, the efficiency drops up to 93%. Additionally, in this case, the PCC voltage is maintained close to 1 p.u., which, in the worst case, drops up to 0.99 p.u.
Note that the desired operational goals proposed in Section IV are achieved taking into account random load variations and measurements from a practical SM. In this case, compared with the conventional droop control, the efficiency is improved by 10%, and the voltage is regulated closer to the desired nominal value.
B. Case II: Load and Capacity Profiles
The results obtained for the second case study are shown in Fig. 10 . The load and capacity profiles are shown in Fig. 10 (c) and (f), respectively. Note that the capacity of the DG units changes constantly causing a variation of the active and reactive powers injected by the DG units because of the restriction of the capacity limits included in the EOPF control.
Despite the changes of active and reactive power due to the capacity restriction, the PCC voltage is kept close to the nominal voltage value, having in the worst case a drop up to 0.98 p.u. On the other hand, observe in Fig. 10(b) that the control tries to maximize the efficiency, but the capacity restrictions limit the control optimization, i.e., if the nth DG unit best efficiency is reached at 1.5 kW, but the power capacity drops to 1 kW, it will not be able to reach its best efficiency.
The results obtained in the case studies show that the proposed hierarchical control is a reliable online scheme capable of managing different operational conditions, such as random load and capacity profiles, and including practical devices such as the SM. On the other hand, the optimal extended PF, which is based on the conventional formulation, has the advantage that any change in the microgrid topology can be updated in an easy and straightforward manner; besides, the operational goals can also be changed or improved depending on the operational needs of the islanded microgrid.
V. CONCLUSION
In this paper, the application of a hierarchical control scheme with a primary droop control and a central EOPF for the online operation of islanded microgrids is presented. Two case studies of an islanded microgrid were implemented in the laboratory and online tested, considering three different PCCs, frequency variations, transmission line impedance, efficiency characteristic curves of each DG unit, random capacities of the DG units, and load variations. The control scheme optimally tuned, in an online manner, the droop characteristics and voltage control parameters to perform active and reactive power management to achieve voltage regulation and the maximum efficiency, while maintaining the capacity constraints of each DG unit.
The results obtained in the case studies revealed the applicability, advantages, and drawbacks of the control scheme. It was shown that even with random P Q load and capacity variations, the proposed control, working online, regulates the voltage magnitude of the different PCCs and maximizes the efficiency of the DG units. On the other hand, note that the computation time for the optimization method in the hierarchical control is less than 2 s, which, in tertiary control schemes, is a good time for power management, as seen in the results. Therefore, it is shown that the application of PF-based hierarchical control schemes contributes to the system to achieve optimized operating points in a reliable way. Note that the case studies reported in this paper consider always enough generation capacity for supplying the local loads; however, in future works, we will consider lower generation capacities than the total load and energy storage systems in grid-connected and islanded microgrids.
